Introduction and methods Ten currently available classifications were tested for their ability to describe a continuous cohort of 300 adult patients affected by bone and joint infections. Each classification only focused, on the average, on 1.3±0.4 features of a single clinical condition (osteomyelitis, implant-related infections, or septic arthritis), being able to classify 34.8±24.7% of the patients, while a comprehensive classification system could describe all the patients considered in the study. Result and conclusion A comprehensive classification system permits more accurate classification of bone and joint infections in adults than any single classification available and may serve for didactic, scientific, and clinical purposes.
Introduction
The term osteomyelitis was first used by the French surgeon Edouard Chassaignac in 1852 [1] , who defined the disease as an inflammatory process accompanied by bone destruction and caused by an infecting microorganism.
In the past, osteomyelitis infections were mainly the results of direct bacterial penetration into the bone or adjacent tissues, through soft tissue lesions secondary to low-energy traumas (wounds, falls, punctures, bites, etc.) or to hematogenous spreading of the microorganisms from septic foci localized in other organs and apparatus. While those mechanisms of bacterial colonization of the bone tissue have not disappeared, especially in the industrialized world and during the last century, a progressive increase of bone and joint infections (BJIs) due to high-energy traumas (wars, traffic, sports, etc.) or secondary to surgical procedures has been observed. Besides this, more and more osteomyelitis and septic arthritis today are found to be causally related with dismetabolisms (diabetes, renal insufficiency, etc.), peripheral vasculopathies and neuropathies, life habits (smoking, drug, or alcohol abuse), inherited or acquired immunodeficiencies, and advanced age. On the other hand, over the past decades, a tremendous progress in the knowledge and treatment of the different types of BJIs has been made, and many factors that account for the occurrence and persistence of this disease have now been identified [2, 3] . New operative techniques and a variety of antimicrobials with different spectrums of activity against specific pathogens have also been developed and their use recommended for specific clinical presentation of BJIs.
In this complex panorama, a single universally accepted classification system of BJIs is not available [4] . In fact, even the most commonly used classifications only focus on one or few aspects (etiology, anatomo-pathology, host type, etc.) of single specific pathological conditions, like osteomyelitis [5] [6] [7] [8] , periprosthetic infection [9, 10] , or septic arthritis [11] , being thus unable to represent any given patient affected by BJIs.
The aim of the present paper is to discuss, in the light of the available literature and classifications, the most relevant items that are required to characterize BJIs in adults and to propose a unique, comprehensive classification of BJIs.
Methods
We searched MEDLINE, EMBASE, and the principal Internet search engines (www.google.com, www.yahoo. com, www.ask.com, www.bing.com) for general keywords such as "classification," "staging," "infection," "bone," "joint," "osteomyelitis," both isolated or in combination, from 1970 until present. We also included previous classification proposals published in the Italian literature and here briefly summarized in English. The reference list of studies which met the inclusion criteria was further screened for inclusion of manuscripts which could have been omitted from the initial screening process.
To further understand the specificity of the available retrieved classifications, they were divided according to the main object basis of classification and the classified items.
The retrieved classifications and a new comprehensive classification system were then tested and compared for the ability to describe the clinical condition of a continuous cohort of 300 adult patients affected by bone and joint infections who were treated surgically in our department during years [2008] [2009] .
Results
The review of the available literature confirms BJIs as a complex group of diseases, for which various classification systems have emerged in the past four decades. A total of ten classifications dealing with a clinical manifestation of BJIs were retrieved. A summary of the content of each of them is reported in Table 1 .
The average age of all the classification systems, from the first year of publication to present, is 21.4±11.6 years (maximum, 40; minimum, 4 years). Seven out of ten classifications were published more than 20 years ago.
The two main variables studied by the available classification systems of BJIs are: (1) the type of nosological entity (osteomyelitis, implant-related infections, and septic arthritis) and (2) a particular feature (item) of that nosological entity.
Considering the ten classifications retrieved, we may observe that five classification systems are focused only on osteomyelitis, three on implant-related infections, one on septic arthritis, while one classification includes all the three nosological entities, even if dealing with a single peculiar aspect of the infection (bone defects).
Overall, seven items that characterize BJIs have been described by one or more classification system: clinical presentation, etiopathogenesis, anatomo-pathology, host, microorganism, bone defect, and soft tissues. The mean number of items categorized by any single classification is 1.3±0.4 (range, 1 to 2).
A brief description of the seven items, the way they are classified by the respective systems, and some more data concerning their relevance with regard to BJIs are provided below.
Clinical presentation
Historically, osteomyelitis has been categorized as acute, subacute, or chronic based on the time of disease onset (i.e., occurrence of infection or injury). The duration of symptoms of infection is in fact associated with peculiar anatomo-pathological findings and clinical and diagnostic features, and influences the therapeutic decisions [10, [12] [13] [14] [15] .
Acute osteomyelitis is diagnosed within 2 weeks after disease onset, subacute osteomyelitis within one to several months, and chronic osteomyelitis after a few months [12, 16] . Acute osteomyelitis occurs predominantly in children, with the metaphysis of long bones the most common location. Patients usually present within several days to 1 week after the onset of symptoms. In addition to local signs of inflammation and infection, patients have signs of systemic illness, including fever, irritability, and lethargy. Typical clinical findings include tenderness over the involved bone and decreased range of motion in adjacent joints. The subacute and chronic forms of osteomyelitis usually occur in adults. Generally, these bone infections are secondary to an open wound, most often an open injury to bone and surrounding soft tissue. Localized bone pain, erythema, and drainage around the affected area are frequently present. The cardinal signs of subacute and chronic osteomyelitis include draining sinus tracts, deformity, instability and local signs of impaired vascularity, range of motion, and neurologic status.
Analogously, periprosthetic infections have been classified according to time of onset after surgery as early, delayed, or late. Early manifestation is generally defined as the appearance of the first signs and symptoms of infection during the first 4-12 weeks post-surgery, according to different authors. Delayed manifestation is defined as an infection in which the first signs and symptoms appear between 3 months and 2 years postsurgery, and late manifestation is defined as the appearance of the first signs and symptoms of infection >2 years post-surgery [10, 17, 18] . 
Etiopathogenesis
Etiopathogenesis of BJIs has a clear importance as regards the natural history, epidemiology, diagnostic, and treatment modalities. The Waldvogel classification system [8, 12] divides osteomyelitis not only on the basis of duration but also according to the pathogenesis into: secondary to a contiguous focus (trauma, surgery, or insertion of a joint prosthesis), secondary to vascular insufficiency, and hematogenous.
Hematogenous osteomyelitis is predominantly encountered in the pediatric population. In children, hematogenous infection usually affects the long bones, while in adults, the lesion is usually located in the thoracic or lumbar vertebrae. Osteomyelitis secondary to a contiguous focus of infection can derive either from a direct infection of bone from a source outside the body (e.g., soft tissue trauma, open fracture, or surgery) or from the continuous spread of infection from an ulceration, adjacent focus (e.g., soft tissue infection, dental abscess, or decubitus ulcer). Osteomyelitis associated with vascular insufficiency as described by Waldvogel was mainly due to diabetes (diabetic foot); however, it can be caused by atherosclerosis, vasculitis, etc.
Kelly proposed a similar etiopathogenetic classification of osteomyelitis in the adult, divided into four categories: hematogenous, osteomyelitis in a united fracture (fracture with union), osteomyelitis in a nonunion fracture (fracture with nonunion), and postoperative osteomyelitis without fracture [19] . Kelly's classification system emphasized the etiology of the infection and its relationship to fracture healing.
More recently, a pathogenetic role of neuropathy has been demonstrated [20] , and this component should probably be included in a modern classification of osteomyelitis based on etiopathogenesis.
On the other hand, post-surgical infections have been differentiated, in the last years, on the basis of the presence/ absence of implanted materials. Implant-related infections are probably the most relevant burden of BJIs in the developed countries [21, 22] and possess peculiar pathogenetic, diagnostic, and therapeutic features that clearly differentiate them from other conditions in which no foreign material is present. Implant-related infections are in fact characterized by challenging diagnosis and treatment, due to the particular ability of bacteria to adhere to the surface of the implanted hardware. It is largely demonstrated how bacteria, after adhering to a surface, become able to produce a polysaccharidic biofilm that protects the pathogens from immunological response and antibiotic activity and make them behave like a multicellular organism [2, 3, 22, 23] . The presence of biofilm usually makes it necessary to remove the implant to obtain the healing from infection. Considering implant-related infections, a further difference may be retrieved between permanently implanted materials (e.g., total joint prosthesis) and temporary implant materials (e.g., osteosynthesis, nails, plates, etc.). While, in fact, a prosthesis has been designed to stay in the body forever and the removal of an infected prosthesis determines a loss of function of the joint, osteosynthesis and fixation materials are intended for a temporary use and only needed until bone healing takes place. To our knowledge, there are no published classifications of infections after osteosynthesis in the English literature. Few years ago, we proposed a simple classification system ("ICS Classification," from the acronym of Infection, Callus, Stability) [24] based on the observation that infection may slow callus formation but does not prevent, in itself, bone healing [25] [26] [27] ; according to this classification, three conditions can be distinguished:
& Type I: infection in the presence of a stable osteosynthesis, with callus progression at X-ray examinations.
The treatment in these cases may be conservative, controlling the infection with medico-surgical procedures, allowing until bone healing. Hardware removal is then performed after fracture healing. & Type II: presence of infection in a stable osteosynthesis, with scarce or absent callus progression. In those cases, the synthesis can be maintained, controlling the infection as for type I, accelerating bone healing through physical stimulation (low-intensity pulsed ultrasound [28] , electromagnetic fields, etc.), biological factors (bone morphogenetic protein, platelet rich plasma, etc.), and limited surgical procedures (e.g., dinamization). & Type III: infection, no callus formation, and unstable osteosynthesis. In these cases, synthesis removal and change of the fixation device are required.
Anatomo-pathological findings
Anatomo-pathological aspects of each BJI are among the most important determinants of the treatment strategy and of the success rate. The simple site of infection-that we may here divide into long bones, joints, rachis, hand, footstrongly determines the treatment choice, due to the relevant difference in vascularity, soft tissue coverage, function, and possible treatment options. For this reason, a clear definition of the localization BJIs in various patients should be mandatory. In this regard, however, we only found more detailed anatomo-pathological classifications of BJIs for osteomyelitis of the long bones and for septic arthritis of the knee.
Weiland [29] defined chronic osteomyelitis as a wound with exposed bone, positive bone cultures, and drainage for <6 months. A similar wound with drainage of less than 6 months was not considered to be a site of chronic osteomyelitis. He further divided the infection on the basis of soft tissue and the location of bone involved. Type I osteomyelitis was defined as open, exposed bone without evidence of osseous infection but with evidence of soft tissue infection. Type II osteomyelitis showed circumferential, cortical, and endosteal infection. The radiographs demonstrated a diffuse inflammatory response, increased bone density, and spindle-shaped sclerotic thickening of the cortex. Other radiographic findings included areas of bony resorption and often a sequestrum with a surrounding involucrum. Type III osteomyelitis revealed cortical and endosteal infection associated with a segmental bone defect.
The Cierny-Mader classification [5] [6] [7] 30 ] is a wellknown clinical classification based on anatomic, clinical, and radiologic features. From the anatomo-pathological point of view, it characterizes osteomyelitis as being in one of four anatomic stages. In stage 1, or medullary, osteomyelitis is confined to the medullary cavity of the bone. Stage 2, or superficial, osteomyelitis involves only the cortical bone and most often originates from a direct inoculation or a contiguous focus infection. Stage 3, or localized, osteomyelitis usually involves both cortical and medullary bones. In this stage, the bone remains stable, and the infectious process does not involve the entire bone diameter. Stage 4, or diffuse, osteomyelitis involves the entire thickness of the bone, with loss of stability, as in infected nonunion. The authors showed how each stage may require an appropriate and different treatment strategy, and this classification is then useful for decision making.
Cierny and DiPasquale tried to adjust the Cierny-Mader classification system for osteomyelitis in adult patients also for the classification of periprosthetic total joint infections [9] . In this system, prosthetic joint infections are entered as anatomic types of the disease: early and superficial osteomyelitis (type II) or late and refractory osteomyelitis (type IV of the initial osteomyelitis staging system). Besides this anatomic differentiation, the authors added local and systemic host factors that may affect treatment and prognosis.
Septic arthritis has also been classified according to their morphological aspect. The classification system, first described by Gächter [11] for the knee, seems applicable also to other joints [31] . This classification system consists of four stages and combines intra-articular findings in the soft tissues as well as radiological alterations of the infected joint: 
Host type
Host is one of the most relevant factors both concerning susceptibility to develop BJIs and prognosis of the disease. We have already mentioned how acute, subacute, and chronic osteomyelitis occur with different frequency in different ages. Age is not only connected with the occurrence of hematogenous infection, but extremes of age also play a role in the immunological response and prognosis of BJIs [32] .
The Cierny-Mader system was the first to include host type classification [6, 30, 33] . According to this classification, the A-hosts are patients without systemic or local compromising factors, B-hosts are affected by one or more local and/or systemic compromising factors, and C-hosts are patients so severely compromised that the radical surgical treatment necessary would have an unacceptable risk-benefit ratio. One shortfall of this system is that, by definition, the C-host category is a subjective evaluation, since the indication to a given surgical procedure is influenced not only by the patient's comorbidities, but, to a great extent, also by hospital facilities, surgeon's skill and self-confidence, previous experience, etc.
In this regard, the most recent classification proposed by McPherson and co-workers [30] provides a more clear and standardized system for host definition that the author proposes a part of their classification of periprosthetic hip infection. Compromising factors are similar to those proposed by Cierny-Mader; however, according to the system from McPherson, patients are divided in A, uncompromised, normal hosts; in B, compromised hosts, with one to two local and/or systemic compromising factors; in C, significant compromise, with more than two compromising factors. This definition is obviously more reproducible and not influenced by the treatment indication.
Microorganism
The correct definition of the infecting agent and its antibiotic resistance drives the medical approach, correlates with the prognosis and to the natural history of each BJI. Ure et al. emphasized that a directexchange arthroplasty can only be carried out in early infections and if the infecting organism is of low virulence (no methicillin-resistant or gram-negative bacteria) [34] .
Moreover, the resistance profile of the causative bacterium might be associated with prolonged and complicated treatment courses. Kilgus et al. evaluated periprosthetic hip joint infections caused by antibiotic-sensitive and antibiotic-resistant bacteria [35] . The authors concluded that hip replacements infected with antibiotic-sensitive bacteria were treated successfully in 81% of the cases, whereas arthroplasties infected with resistant bacteria were treated successfully in only 48% of the cases.
Depending on the causative pathogen organism, infections can be divided into bacterial, mycotic, and fungal ones. Bacterial infections can be further classified as gram-positive or gram-negative and mono-or multibacterial. Culturenegative infections pose special problems with regard to diagnosis, treatment choice, and patient compliance.
The specific microorganism(s) isolated from patients with bacterial osteomyelitis is often associated with the age of the patient or the clinical scenario. Staphylococcus aureus is implicated in most cases of acute hematogenous osteomyelitis and is responsible for up to 90% of cases in otherwise healthy children. Staphylococcus epidermidis, S. aureus, Pseudomonas aeruginosa, Serratia marcescens, and Escherichia coli are commonly isolated in patients with chronic osteomyelitis or implant-related infections.
Fungal infections are rare but commonly found in immunosuppressive patients and associated with complications and infection persistence [36] . A possible explanation for that might be the fact that a local antifungal therapy does not reach as high antimicrobial concentrations for longer periods as antibiotic-impregnated cement device in the treatment of bacterial infections do.
Bone defect
Bone defects are a common finding in osteoarticular infections. Bone loss may be the result of the infection per se, of previous trauma or surgery, of hardware loosening and removal, and of the necessary surgical necrotic and infected bone debridement. Classification of bone defects is relevant to the treatment strategy, as many different therapeutic options are today available, including antibiotic-loaded biomaterials [22, 37] , modular revision prosthesis, orthopedic and plastic special procedures [38] [39] [40] [41] , etc. Different classification systems have been proposed based on the site and extent of the bone defect; however, specific classifications for bone infections are remarkably few.
Different, detailed classifications have been, in fact, proposed to categorize bone defect in joint reconstruction after aseptic loosening of a joint prosthesis [42] [43] [44] [45] . The use of these classifications may be extended to bone loss due to infection in revision surgery; however, no specific classification has been reported so far.
As to concerning long bones, Gordon [46] classified infected tibial nonunions and segmental defects on the basis of the osseous defects. Type A included tibial defects and nonunions without significant segmental loss. Type B included tibial defects of <3 cm with an intact fibula. Type C included tibial defects of >3 cm in patients whose fibula was not intact. Gordon's classification correlates with the prognosis for successful free-muscle transportation.
Few years ago, we proposed in the Italian literature a simple general classification of the bone defect that categorized bone defect [47] as follows: & Type 1: cavitary defects. This common type of bone defect may occur in the context of a bone segment and is usually well delimited by a sclerotic bone. The volume of this defect may vary from few cubic millimeters to several cubic centimeters. The stability of the bone segment is maintained. Type 1 defects may be frequently observed in hematogenous infections, periprosthetic infections, and after osteosynthesis. They usually can be treated with local debridement and antibiotic-loaded fillers (either resorbable, like bone graft or bone substitutes, or non-resorbable, like polymethylmetacrylate) [22, 37] ; & Type 2: is an epiphyseal defect. It features a total or partial bone loss at the joint level. It may be the result of a septic joint arthritis, septic osteosynthesis, or periprosthetic joint infection. The treatment usually consists of prosthetic implant, arthrodesis, arthroplasty, or amputation. & Type 3: is a segmental bone defect. This is further divided into type 3A, when a gap between bone extremities is less than 1 cm; type 3B, when the gap is less than 3 cm and more than 1 cm; and type 3C, when the gap is more than 3 cm. Type 3 defects are, by definition, associated with a loss of bone stability. This type of defect may be retrieved in septic incomplete or nonunions, segmental bone resection after infection, etc. It may require external fixation with or without bone grafts, bone transport [48] , segmental prosthesis, or vascularized bone grafts.
Soft tissues
Soft tissues play a major role in the prognosis and the treatment of BJIs, not only because bone exposition may clearly determine bone contamination, superinfection, and necrosis but also because the amount and quality of soft tissue are associated with local vascular support and tissue nutrition. To our knowledge, a systematic classification of soft tissues in BJIs has not been described. Ger's classification system, published in 1977, addressed the physiology of the wound as it relates to osteomyelitis in a more detailed manner; his categories include: simple sinus, chronic superficial ulcer, multiple sinuses, and multiple skin-lined sinuses [49] .
The "Seven-Item Comprehensive Classification System" Most of the retrieved classifications of BJIs present a rather old age, only focus on a single clinical entity, and do not categorize more than two aspects (usually only one) of the disease under study at a time. These are, in our opinion, the main reasons why all the currently available classifications fail to provide a complete description of the vast universe of bone and joint infections that we face in the clinical practice. The way BJIs are not currently classified also explains how difficult it is for a common orthopedic surgeon or an infectivologist to approach this disease in a comprehensive manner and with a common vision and language.
In our review, based on the currently available classifications and on the data from the literature, we could identify at least seven items that all determine, to a different extent and with different modalities, the natural history, diagnosis, treatment, and prognosis of BJIs. The discrepancy between the number of the known relevant items and the number of those actually categorized by any single classification gives the measure of the incomplete description provided by all the existing classifications.
In fact, even considering two of the most sophisticated and recent classification systems, the one from CiernyMader [7, 30] and that from McPherson and co-workers [10] , we may observe that they only focus on a maximum of two items and only in, respectively, osteomyelitis of the long bones and periprosthetic infections of the hip.
Our purpose, at the end of this review, was to present a comprehensive classification of BJIs. Instead of proposing a completely new classification, it seemed more appropriate, at this stage, to choose among the existing classifications the most reliable categorization of each of the seven selected items and put them into an organic classification system of the whole world of BJIs. This "Seven-Item Comprehensive Classification System (7 ICCS)" then includes the seven items described above, each one adequately categorized according to one of the existing classification, whenever possible ( Figure 2 compares the respective ability of each of the ten retrieved classifications and of the 7 ICCS to classify the same cohort of 300 patients. While the comprehensive classification system was able to classify all the patients considered in the study, each classification could only describe, on the average, 34.8±24.7% of the patients affected by BJIs.
Discussion
Different classifications have been proposed in the last four decades to describe BJIs. However, each of them only focused on one nosological entity and examined one or few items. Due to a lack of a more ample and systematic approach, it is not possible, at present, to classify all the different types of BJIs, and this was confirmed in our study with an analysis of a consecutive series of non-selected patients referred to us for the treatment of BJIs.
To our knowledge, this is the first attempt to provide a comprehensive classification of all the patients affected by BJIs; the proposed classification system is mainly based on existing classifications that have been selected to describe, in each given subject, one or more of the seven items, individuated as necessary on the basis of an accurate literature research. In this way, the 7 ICCS provides a rather complete description of all the relevant features that may be found in a given patient affected by BJIs. The proposed system is intended for didactic and scientific purposes and may be potentially used to better compare patients and clinical series; however, it should be noted that the following limitations do apply to the system: 1. There is an objective lack of a modern, accepted classification of some of the relevant items (e.g., bone loss, soft tissue defects); 2. There is a lack of more specific subclassifications of some of the items. For example, infections of the hand, foot, and rachis have peculiar features, for which we decided to put apart from long bones and joint infections. However, there is no further classification of their anatomo-pathological aspect in infection, and this is probably a missing information; 3. The complexity of the system. A classification needs to be synthetic enough to be largely adopted while being sufficiently precise to serve as a basis for correct therapeutic decisions. In this case, we understand that some of the synthetic definitions of the clinical condition has been sacrificed to a more accurate description of the disease. This drawback appears as a difficult solution, given the particular nature of the infections of the skeletal system.
Competing interests
The authors declare that they have no competing interests.
Open Access This article is distributed under the terms of the Creative Commons Attribution Noncommercial License which permits any noncommercial use, distribution, and reproduction in any medium, provided the original author(s) and source are credited.
